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ABSTRACT 

A photographic study is made of a bromine jet issuing into a coaxially flowing air-  
s t ream and impinging on a stagnation surface. 
amount of bromine in the near je t  region can be  increased by the insertion of a stagnation 
surface in the jet. The diameter, shape and distance of the stagnation surface from the 
bromine injection point was varied. Several cases  showed that a stagnation surface did 
slightly reduce the e r ra t ic  behavior of the jet, and in other cases  slightly increased the 
amount of bromine in the near  je t  region. However, no substantial increase of bromine 
in the near  je t  region was found by using a stagnation surface. 

The objective is to determine if  the 
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SUMMARY 

A photographic study was made of a bromine jet issuing into a coaxially flowing air- 
s t ream and impinging on a stagnation surface. The objective of the study is to determine 
if  the amount of bromine in the near  jet region can be increased by the insertion of a 
stagnation surface in the jet. Photographs were taken of the bromine jet with and without 
the presence of a stagnation surface. Bromine jet  velocities varied from 0. 3 to 2.67 
meters  per  second and airs t ream velocities varied from 0.5 to 20.6 meters  pe r  second. 
The diameter of the flat stagnation surface varied from 1, 1. 5, to 2 times the diameter 
of the bromine injection tube. The distance of the flat stagnation surface from the bro- 
mine injection tube varied from the 1 to 2.5 jet diameters. Three shapes of stagnation 
surfaces, flat, concave, and convex, were studied. 

It w a s  found there  was no substantial increase of bromine in the near jet region by 
using a stagnation surface. Also, the presence of a stagnation surface did not greatly in- 
fluence the parameters at which the jet  appears to change from laminar to nonlaminar. 
The transition from laminar to nonlaminar appearance occurred whenever the jet 
Reynolds number was greater  than 2500 or  the product of velocity ratio and jet  Reynolds 
number was greater  than 4000. Small effects were observed with stagnation surfaces, 
and they a r e  as follows: 

injection tube, the upstream mixing appears never to decrease as the stagnation surface 
diameter increases.  In fact ,  at velocity ratios of 4 o r  more, the upstream jet  boundary 
becomes more erratic.  

2. For a flat stagnation surface equal in diameter to the bromine tube, the jet  bound- 
a ry  appears to be less er ra t ic  as the stagnation surface is moved from 2 to 1 jet diameter 
downstream of the jet  injection point. Also at a velocity ratio of 32 there appears to be a 
slight increase in the amount of bromine in the near  jet region as the stagnation surface 
is moved closer to the bromine injection point. 

held at a constant 2 jet diameters f rom the bromine tube, the upstream interaction does 
appear to be affected. Of the three tybes of surfaces, flat, concave, and convex, the con- 
vex surface appears to cause a less er ra t ic  nature to the bromine jet  boundary. And at a 
velocity ratio of 32 there  appears to be a la rger  amount of bromine in the near jet  region. 

1. For flat stagnation surfaces held at a constant 2 jet  diameters from the bromine 

3. For various shaped stagnation surfaces equal in diameter to the bromine tube and 



I NTROD U CTI ON 

The fluid mechanics of a jet issuing into a coaxially flowing environment of a differ- 
ent fluid has not been as thoroughly studied as has a jet issuing into a quiescent environ- 
ment of the same fluid. Subsonic coaxial jet  mixing occurs in such practical instances 
as injectors, afterburners, and combustion chambers as well as in plasma injection sys- 
tems  (ref. l), supersonic com*..istors (ref. 2), and coaxial gaseous-fuel nuclear rocket 
engine concepts (ref. 3). Most studies of coaxial je ts  have been limited to the case 
where the jet density is equal to the s t ream density and the jet  velocity is greater  than 
the s t ream velocity. 

Weinstein and Todd (ref. 4) presents a numerical solution for  laminar coaxial 
s t reams.  Ratios of jet-to-stream density and stream-to-jet velocites both as high as 
100 were  investigated. Ragsdale, Weinstein, and Lanzo (ref. 5) modified the numerical 
solutions of reference 4 to include turbulent flow. Experimental data for  a bromine jet 
issuing into coaxially flowing air are also presented. This bromine-air system gives a 
jet-to-stream-density ratio of 5.5 and stream-to-jet velocity ratios up to 49. 
agreement between analysis and experiment was obtained by a trial-and- e r r o r  selection 
of an eddy-to-laminar viscosity ratio to modify the laminar results. Ragsdale and 
Edwards (ref. 6)  visually investigated the effect of introducing honeycombs into both the 
bromine injection tube and the airstream. This w a s  done for a velocity ratio of 1 at two 
different s t ream and jet velocities. 

s t ream velocities and the stream-to-jet velocity ratios. The study of Taylor and Masser 
(ref. 7) supplements the work of Ragsdale, et al. (ref. 5), which made no visual study, 
and Ragsdale and Edwards (ref. 6 ) ,  which made a visual study only for  a velocity ratio 
of 1. Taylor and Masser (ref. 7) also limited their study to the region from the jet  in- 
jection tube to 2. 5 jet diameters downstream. This near jet  region is important in the 
coaxial gas-core nuclear rocket concept since the cavity is l e s s  than 2 jet  diameters in 
length. 

In the gas core nuclear rocket concept a central. core of slow-moving reacting gas- 
eous fuel radiates its energy to the faster-moving coaxially flowing hydrogen propellant. 
However, the faster-moving propellant accelerates the fuel and mixes with it. This mix- 
ing results in a smaller  fuel density than desired for  nuclear criticality. Therefore, a 
minimum amount of mixing is desired between the fuel and propellant. 

To simulate mixing in the gas-core nuclear rocket, bromine gas was chosen to rep- 
resent the fuel jet and air to represent the propellant s t ream. The bromine gas allowed 
the experiment to be visually examined and photographed. The air-bromine density ratio 
(0.18) is also approximately the same as the uranium-hydrogen density ratio predicted in 
the gas-core rocket. One suggestion for  increasing the amount of bromine in the near 

Good 

Taylor and Masser (ref. 7) visually studied the effects of varying both the jet  and 
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jet region over that observed by Taylor and Masser (ref. 7) is to place a stagnation sur-  
face near  the injection point. 

the near jet  region can be increased by the insertion of a stagnation surface in the jet. 
Photographs of the bromine jet were taken with and without the presence of a stagnation 
surface. Discussion will center around the observed change in shape of the bromine jet 
boundary with and without the stagnation surface. The stagnation surface varies in shape, 
diameter, and distance from the bromine injection point. Also the jet and airs t ream 
velocities are varied fo r  any given stagnation surface. No measurements were taken in 
either the air o r  bromine s t reams.  The bromine jet and airs t ream are discussed in 

The objective of the present investigation is to determine if the amount of bromine in 

t e rms  of jet  velocity, s t ream velocity, ratio of s t ream velocity to jet velocity, and jet 
Reynolds number. The jet Reynolds number is based on the injection tube diameter and 
average velocity and properties at the injection point for  the range of tes t  conditions 
shown in table I. 

TABLE I. - RANGE OF TEST CONDITIONS 

Static pressure at station 1, 
pl, m / m 2  (psis) 

Static pressure at station 2, 

P ~ ,  m / m 2  (psis) 

Average velocity at point of 
jet injection, V, m/sec 

Average density at point of jet 
injection, p ,  kg/m 3 

~~ 

Average viscosity a t  point of 
jet injection, p ,  (pN)(sec)/m 2 

Average Reynolds number at 
point of jet injection, Re 

Ratio of average densities at 
point of jet injection, po/pj ; 

Ratio of average viscosities a t  
point of jet injection, po/ pj; 

Airstream I Bromine jet 
I 

(2.6) 

300 to 375 
$3. 5 to 54.4) 

17.9 
(2.6) (2.6) 

+ 
0.18 

1.2 
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SYMBOLS 

D 

Re. jet Reynolds number, p.V.D/p 

V velocity 

P density of gas 

EL absolute viscosity of gas 

Subscripts : 

j bromine jet 

0 outer a i rs t ream 

inside diameter of jet injection tube 

J J J  j 

EXPERIMENTAL APPARATUS 

The experimental apparatus used in this study is the same as that used by Taylor and 
Masser (ref. 7) except for the insertion of a stagnation surface downstream of the bro- 
mine jet injection point. A schematic diagram of the system is shown in figure 1. The 

Air  1 
flow 

rotameter L 
c- 

Pressure gage Monel 

Orifice 
flowmeter 

Filter 

1 bundled 

Exhaust 
valve 

Exhaust 

Bromine 
rotameter 

Figure 1. - Schematic drawing of air-bromine system. 
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test chamber is operated at 17.9 kilonewtons per square meter absolute (2.6 psia) which 
is below the vapor pressure  of bromine at room temperature. This pressure differential 
is the driving force for the bromine flow which is measured by a rotameter. 

The bromine reservoir  is made of monel and is coated on the inside with teflon. The 
liquid bromine is kept at a constant temperature by supplying the heat of vaporization 
with a quartz- covered immersion heater. The extreme corrosiveness of bromine makes 
the use  of teflon and glass necessary for  most of the bromine flow system. The only con- 
tact of the bromine with other materials is the monel tube which delivers the bromine to 
the air flowing in the test chamber. Dry air for  the outer s t ream is supplied at a static 
pressure of 375 kilonewtons per square meter absolute (54.4 psia) t o  either the air rota- 
meter or the orifice (depending if small  or large airflow is desired), and then through a 
flow control valve for airflow regulation to  a plenum chamber. From the plenum the air 
passes through a bank of three screens with a wire diameter of 0.053 millimeter and 
openings of 0.074 millimeter and through a bundle of 1.3 centimeter-inside-diameter 

TABLE II. - TEST SECTION DIMENSIONS 

Bromine tubes: 
Length, cm 
Inside diameter, cm 

110 
2.18 

A i r  channel: 
Width, cm 
Depth, cm 

Tube bundles: 
Tube length, cm 
Tube inside diameter, cm 

20.3 
20.3 

30 
1. 3 

Screens: 
Number 
Wire diameter, mm 0.0053 
Flow opening size, mm 0.074 

b 

tubes that are 30 centimeters long. The purpose is to remove large-scale turbulence. 
The static pressure drop through the screens and tube bundle is between 280 and 355 kilo- 
newtons per square meter absolute depending on the m a s s  flow rate of air. The important 
test section dimensions a r e  listed in table II. 

and is therefore shown in more  detail in figure 2. No effort has been made in this study 
to vary the conditions upstream of the injection point. The bromine jet  leaves the monel 
tube and impinges on the stagnation surface and mixes with the airs t ream. The bromine 

In coaxial flowing jets, the region upstream of the injection point can be important, 
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Figure 2. - Schematic drawing of test chamber. ( A l l  dimensions are in 
centimeters. ) 

and air mixture flows through the rest of the test  section, through a second bundle of 
tubes, and then into an exhaust system. 

and impinging on the stagnation surface. The test  chamber is backlighted with an elec- 
tronic flash which has a color temperature of 6300 K and a duration of 1/500 second. 
The 10- by 12.5-centimeter film packs have an ASA rating of 320. The camera w a s  ap- 
proximately 90 centimeters from the bromine s t ream and 150 centimeters from the light 
source. 

Photographs a r e  taken of the bromine jet  issuing into the coaxially flowing airs t ream 4 
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STAGNATION SURFACES 

The stagnation surfaces used in this study are shown in figure 3. There are three 
types of stagnation surfaces, flat, concave, and convex. Only one s ize  of concave and 
convex surfaces was used. The diameter of these two are the same and equal to the di- 
ameter of the bromine injection tube. The flat circular plates had diameters of 1, 1.5, 
and 2 t imes the diameter of the bromine injection tube. 

C-68-2051 

Figure 3. - Stagnation surfaces. 

In most of the flow visualization photographs presented in this report the stagnation 
surface w a s  located 2 jet diameters downstream from the bromine injection point. How- 
ever, the effect of distance from the injection point was observed using the l jet diam- 
eter flat plate. This flat plate was placed 1.0, 1. 5, and 2.0 jet diameters downstream 
from the bromine injection point. In one special case the convex surface was observed 
at 2. 5 jet diameters downstream. 

DISCUSS I ON OF PHOTOG RA PH IC RES U LTS 

The discussion of the photographs will be limited to an observed change in the ap- 

The laminar 
pearance of the bromine je t  with and without the stagnation surface. In the discussion of 
the photographs the te rms  laminar and nonlaminar appearance are used. 
jet has the appearance of a sharp, clearly defined, persistent boundary whereas the non- 
laminar jet appears as undulating o r  as a not clearly defined boundary. The flow field 
region will  be limited to the area from the je t  injection point to the stagnation surface. 
Both the bromine jet velocity V. and the airs t ream velocity Vo are average values cal- 

J 
culated from the mass flow rates and conditions at the bromine jet injection point. Den- 
sities and viscosities are also for  the conditions at the jet injection point. 

The effect of (1) stagnation surface diameter, (2) stagnation surface distance from 
bromine injection point, and (3) stagnation surface shape, can be observed on two com- 
posite photographs. Figures 4(a), 5(a), and 6(a) show the effect of changing the air- 
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s t ream velocity while keeping the jet velocity constant. Figures 4(b), 5(b), and 6(b) show 
the effect of varying the jet  velocity for  a given a i r s t ream velocity. 

Effect o f  Stagnation Sur face Diameter 

Figure 4(a) and (b) show the effect of stagnation surface diameter on near  jet inter- 
action. In figure 4(a) the jet velocity os 0.64 meter  pe r  second, and the jet Reynolds 
number is 1030. The velocity ratio is increased from 0.8 to 32 by increasing the air 
velocity. At a velocity ratio of 0.8, as the flat plate diameter increases,  the interaction 
between the bromine and air is unaffected upstream of the stagnation surface. At the 
stagnation surface the bromine is forced around it. As the velocity ratio increases to 4, 
it appears that the bromine jet is breaking up faster and the jet  boundary is becoming 
more erratic.  This is more evident at a velocity ratio of 16. At a velocity ratio of 32, 
the air has completely broken up the bromine s t ream before it reaches the stagnation 
surface. 

is varied from 4 to 32 by decreasing the jet velocity. At a velocity ratio of 4, the bro- 
mine has a more errat ic  appearance than in figure 4(a). This is in agreement with 
Taylor and Masser (ref. 7) where a critical jet  Reynolds number of 2400 was found sepa- 
rating laminar and nonlaminar flow. The same increase in e r ra t ic  behavior of the jet  as 
the velocity ratio is observed in figure 4(b) as in 4(a) is increased. A s  the stagnation 
surface diameter increases and the velocity ratio increases,  the bromine jet  boundary 
appears to become more erratic.  

In figure 4(b) the airs t ream velocity is 9.9 meters  pe r  second, and the velocity ratio 

Effect o f  Stagnation Surface Distance f rom Jet In ject ion 

In figures 5(a) and (b) the distance from the jet injection point to the stagnation sur- 
face is varied, and its effect is observed using the 1 jet  diameter flat plate. In figure 
5(a) the jet velocity is 0.64 meter per  second which gives a jet  Reynolds number of 1030. 
The velocity ratio is varied from 0.8 to 32 by increasing the airs t ream velocity. It ap- 
pears  the 1 jet diameter stagnation surface has no influence on the upstream jet boundary 
at velocity ratios of 0 .8  to 4. At a velocity ratio of 16, the jet appears to become less  
e r ra t ic  as the flat plate is moved to 1 jet diameter of the injection tube. At  a velocity 
ratio of 32, the amount of bromine appears slightly larger when the flat plate is moved to  
1 jet diameter of the bromine tube. 

In figure 5(b) the airs t ream velocity is held constant at 9.9 meters  per  second while 
the bromine velocity is lowered to obtain velocity ratios from 4 to 32. As the stagnation 
surface is moved close to the bromine injection point, the bromine is forced around the 
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stagnation surface. In several  cases, with this movement of bromine around the stagna- 
tion surface, the jet boundary appears to become slightly l e s s  erratic.  

Effect of Stagnation Surface Shape 

For figures 6(a) and (b) the stagnation surface shape is varied, and the observed ef- 
fect  on upstream jet boundary appearance is photographed. The three shapes, flat, con- 
cave, and convex, were placed at the same distance from the bromine injection point. In 
figure 6(a) the bromine velocity is 0.64 meter pe r  second, and the airs t ream velocity is 
increased to obtain velocity ratio f rom 0.8 to 32. Upstream of the stagnation surface, 
the jet boundary appears to be unaffected by the stagnation surfaces. However, due to 
its somewhat streamline shape, the convex surface disturbs the bromine jet the least as 
it flows around the stagnation surface. 

In figure 6(b) the airs t ream velocity is held constant at 9.9 meters  per  second, and 
velocity ratios from 4 to 32 are obtained by lowering the bromine velocity. At velocity 
ratios of 4 and 8, the convex surface appears to make the jet boundary l e s s  erratic.  A t  
velocity ratios of 16 and 32, all of the stagnation surfaces appears to slightly increase 
the amount of bromine in the near jet region. 

at critical values of several parameters.  They discussed their  photographs of jets in 
t e r m s  of laminar and nonlaminar appearance. The laminar jet had an appearance of a 
sharp,  clearly defined, persistent boundary whereas the nonlaminar jet appeared as an 
undulating o r  not clearly defined boundary between the bromine jet and airstream. Their 
results were summarized as follows. The bromine jet will have a laminar appearance if 
both the following conditions a r e  met: 

Taylor and Masser (ref. 7) observed that the appearance of a f ree  jet changed rapidly 

(1) The jet  Reynolds number is l e s s  than 2400. 
(2) The product of the s t ream to jet velocity ratio and the jet Reynolds number is 

l e s s  than about 3400. 
It is of interest to see  if these conditions still apply when stagnation surfaces a r e  

placed in the near jet  region. From figures 4, 5, and 6 the convex stagnation surface 
appeared to disturb the bromine jet  boundary the least  at low velocity ratios and increase 
the amount of bromine in the near  jet region the most at high velocity ratios. Since 
Taylor and Masser studied only the near  jet  region of 2.5 jet  diameters the convex sur- 
face was placed so the stagnation point was 2. 5 jet diameters from the bromine injection 
point. Figure 7(a) and (b) show the results. In figure 7(a) the airs t ream velocity is held 
constant at 1 meter per  second, and jet  velocity and, hence, Reynolds number are in- 
creased from 2120 through the critical value to 2660. And it appears the stagnation sur- 
face does change the critical jet Reynolds number for the laminar-nonlaminar division 
from approximately 2400 to 2500. This change is small and may be due to experimental 
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Figure 7. - Comparison of critical parameters with and without a sfagnation surface. 
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er ror .  In figure 7(b) the jet velocity is held constant at 0.32 meter per  second and the 
product of jet Reynolds number and velocity ratio is increased by increasing the air- 
st ream velocity. The stagnation surface does appear to reduce the undulating jet bound- 
ary. The product of jet Reynolds number and vdocity ratio of about 4000 is reached be- 
fore  the nonlaminar undulating boundary is established. The photographic data of fig- 
u r e  7 a r e  shown in graphical form in figure 8. The dashed line is the division line fo r  
laminar-nonlaminar appearing jet found by Taylor and Masser (ref. 7). The data with 
the convex stagnation surface are shown, and the new division between laminar and non- 
laminar jets is shown as a solid line. This difference is small  and may be due in par t  to 
experimental error .  

I I I I I I I I I  

0 
Bromine jet appears to de 
Bromine jet appears to be changing 

to be non laminar  
c 

103 lo4 
Bromine jet Reynolds number, Rej 

Figure 8. - Variation of velocity rat io w i th  jet Reynolds 
number. 

SUMMARY OF RESULTS 

A photograph study was made of a bromine jet issuing into a coaxially flowing air- 
s t ream and impinging on a stagnation surface. The objective of the study is to determine 
if the amount of bromine in the near jet region can be increased by the insertion of stag- 
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nation surface in the jet. Photographs were  taken of the bromine jet with and without the 
presence of a stagnation surface. Bromine jet velocities varied from 0.3 to 2.67 meters  
per second, and airs t ream velocities varied from 0.5 to 20.6 meters  per second. The 
diameter of the stagnation surface varied from 1, 1.5, and 2 t imes the diameter of the 
bromine injection tube. The distance of the stagnation surface to the bromine injection 
tube varied from 1 to 2.5 jet chameters. And three shapes of stagnation surface, flat, 
concave, and convex, were  photographed. The resul ts  of this study can be summarized 
as follows: 

1. It was found there  was no substantial increase of bromine in the near  jet region by 
using a stagnation surface. 

2. The presence of a stagnation surface did not greatly influence the parameters at 
which the jet appears to change from laminar to nonlaminar. The transition from lami- 
nar  to nonlaminar appearance occurred whenever the jet Reynolds number was greater 
than 2500 o r  the product of velocity ratio and jet  Reynolds number was greater than 4000. 

3. The near jet appearance of the bromine jet  is changed by the presence of a flat 
stagnation surface placed 2 jet diameters downstream from the jet injection point. A s  
the stagnation surface diameter increases at velocity ratios of 4 or  more,  the bromine 
jet boundary becomes more  erratic.  

4. For a flat stagnation surface equal in diameter to the bromine injection tube, the 
bromine jet boundary appears to be affected as the stagnation surface is moved from 2 jet 
diameters downstream to 1 jet diameter downstream. The bromine jet boundary ap- 
peared to become less errat ic  as the stagnation surface approached the jet  injection 
point. At a velocity ratio of 32, the stagnation surface appeared to cause a slightly 
la rger  amount of bromine to be present. 

tube and held at a constant 2 jet diameters downstream, the upstream jet boundary does 
appear to be affected. Of the three types of surfaces,  flat, concave, and convex, the 
convex surface appears to give a less errat ic  nature to the bromine jet boundary. At  a 
velocity ratio of 32, there appears to be a slight increase in the amount of bromine in the 
near jet region. 

The above summary of results indicates there would be no advantage to using a stag- 
nation surface in the gas- core nuclear rocket concept. 

5. For various shaped stagnation surfaces equal in diameter to the bromine injection 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, February 7, 1969, 
122- 28- 02- 33- 22. 
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